Thermoelectricity in Molecular Junctions
Pramod Reddy, et al.

Science 315, 1568 (2007);

DOI: 10.1126/science.1137149

AVAAAS

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of July 14, 2009 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/cgi/content/full/315/5818/1568

Supporting Online Material can be found at:
http://www.sciencemag.org/cgi/content/full/1137149/DC1

This article cites 14 articles, 6 of which can be accessed for free:
http://www.sciencemag.org/cgi/content/full/315/5818/1568#otherarticles

This article has been cited by 50 article(s) on the ISI Web of Science.

This article has been cited by 1 articles hosted by HighWire Press; see:
http://www.sciencemag.org/cgi/content/full/315/5818/1568#otherarticles

This article appears in the following subject collections:
Physics, Applied
http://www.sciencemag.org/cgi/collection/app_physics

Information about obtaining reprints of this article or about obtaining permission to reproduce
this article in whole or in part can be found at:
http://www.sciencemag.org/about/permissions.dtl

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2007 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on July 14, 2009


http://www.sciencemag.org/cgi/content/full/315/5818/1568
http://www.sciencemag.org/cgi/content/full/1137149/DC1
http://www.sciencemag.org/cgi/content/full/315/5818/1568#otherarticles
http://www.sciencemag.org/cgi/content/full/315/5818/1568#otherarticles
http://www.sciencemag.org/cgi/collection/app_physics
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org

REPORTS

22. H. O. Finklea, D. D. Hanshew, J. Am. Chem. Soc. 114,
3173 (1992).

23. 1. P. Collman, N. K. Devaraj, T. P. A. Eberspacher,
C. E. D. Chidsey, Langmuir 22, 2457 (2006).

24. . P. Collman, N. K. Devaraj, C. E. D. Chidsey, Langmuir
20, 1051 (2004).

25. . K. Lee, Y. S. Chi, I. S. Choi, Langmuir 20, 3844
(2004).

26. V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless,
Angew. Chem. Int. Ed. 41, 2596 (2002).

27. C. W. Tornoe, C. Christensen, M. Meldal, J. Org. Chem.
67, 3057 (2002).

28. N. K. Devaraj, R. A. Decreau, W. Ebina, ]. P. Collman,
C. E. D. Chidsey, J. Phys. Chem. B 110, 15955 (2006).

29. Materials and methods are available as supporting
material on Science Online.

30. R. Boulatov, J. P. Collman, I. M. Shiryaeva,
C. ). Sunderland, J. Am. Chem. Soc. 124, 11923 (2002).

31. A.S. Haas et al., ]. Phys. Chem. B 105, 11351 (2001).

32. S. K. Cha, Bull. Korean Chem. Soc. 25, 786 (2004).

33. T. H. Degefa, P. Schon, D. Bongard, L. Walder,
J. Electroanal. Chem. 574, 49 (2004).

34. E. Katz, H. L. Schmidt, J. Electroanal. Chem. 368, 87
(1994).

35. ]. A. Sigman, B. C. Kwok, Y. Lu, J. Am. Chem. Soc. 122,
8192 (2000).

36. G. T. Babcock, M. Wikstrom, Nature 356, 301
(1992).

37. 1. P. Collman, R. Boulatov, Angew. Chem. Int. Ed. 41,
3487 (2002).

38. The peroxide detected at the ring electrode could arise
either from direct release of peroxide during the catalytic
cycle or from release and rapid disproportionation of
superoxide (42). The hydrolytic autoxidation of heme
oxygen complexes in aqueous solution is a well-
documented phenomenon (39, 43). This process is known
to be catalyzed by protons, and preliminary results
indicate that the selectivity of all of our catalysts can be
markedly improved by raising the pH (to the range of 8
to 12). Furthermore, our prior work with CcO models on
edge-plane graphite provided evidence that superoxide is
a substantial source of PROS (30).

39. K. Shikama, Chem. Rev. 98, 1357 (1998).

40. S. E. Creager, G. K. Rowe, Langmuir 9, 2330 (1993).

41. G. B. Sigal, M. Mrksich, G. M. Whitesides, Langmuir 13,
2749 (1997).

42. D. T. Sawyer, ). S. Valentine, Acc. Chem. Res. 14, 393
(1981).

43. ]. P. Collman, Y. L. Yan, T. Eberspacher, X. ]. Xie,
E. I. Solomon, Inorg. Chem. 44, 9628 (2005).

44. We dedicate this scientific contribution to the memory of
the late H. Taube. We thank J. I. Brauman, T. D. P. Stack,
C. C. Cummins, R. Boulatov, and P. H. Dinolfo for helpful
discussions. N.K.D., R.A.D., and W.E. acknowledge a
Stanford graduate fellowship, a Lavoisier fellowship, and
a Dreyfus undergraduate fellowship, respectively. This
material has its basis in work supported by the NIH under
grant GM-17880-35.

Supporting Online Material

www.sciencemag.org/cgi/content/full/315/5818/1565/DC1

Materials and Methods

Figs. S1 to S4

References

3 October 2006; accepted 23 January 2007
10.1126/science.1135844

Thermoelectricity in
Molecular Junctions

Pramod Reddy,** Sung-Yeon Jang,%3*t Rachel A. Segalman,’*3$ Arun Majumdar

13,4
I

By trapping molecules between two gold electrodes with a temperature difference across them,
the junction Seebeck coefficients of 1,4-benzenedithiol (BDT), 4,4'-dibenzenedithiol, and 4,4"-
tribenzenedithiol in contact with gold were measured at room temperature to be +8.7 + 2.1
microvolts per kelvin (uV/K), +12.9 + 2.2 pV/K, and +14.2 + 3.2 pV/K, respectively (where the
error is the full width half maximum of the statistical distributions). The positive sign
unambiguously indicates p-type (hole) conduction in these heterojunctions, whereas the Au Fermi
level position for Au-BDT-Au junctions was identified to be 1.2 eV above the highest occupied
molecular orbital level of BDT. The ability to study thermoelectricity in molecular junctions provides
the opportunity to address these fundamental unanswered questions about their electronic
structure and to begin exploring molecular thermoelectric energy conversion.

tudy of charge transport in molecules is of

fundamental interest, with potential appli-

cations in molecular electronics (/) and
energy-conversion devices (2, 3). Current-
voltage (I-V) characteristics of single molecules
have been extensively investigated by trapping a
single molecule in break junctions formed by
mechanical strain (4), electromigration (%), and
scanning tunneling microscopes (6). Although
such measurements have provided substantial
insight into charge transport through molecu-
lar junctions, critical aspects about the elec-
tronic structure cannot be uniquely obtained
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by I-V characteristics alone. For example,
whether molecular junctions are p-type or n-
type—i.e., whether the position of the Fermi
level, Ef, of the metal contacts is closer to the
highest occupied molecular orbital (HOMO)
or to the lowest unoccupied molecular orbital
(LUMO)—generally remains unknown because
of uncertainties in the microscopic details of
the contacts (7—10). A specific example of this
is benzenedithiol (BDT); in this case, although
the electrical conductance has been studied
extensively both experimentally (4, /7) and the-
oretically (7, /2—15), some groups suggest that
the Ef of the electrodes lies close to the HOMO
level (7, 13, 15) and other groups contend that E
lies near the LUMO level (12, 14). Although
sweeping the gate bias in single-molecule tran-
sistors could potentially yield this information,
Coulombic interactions caused by charge accu-
mulation on the molecule could perturb the
electronic structure (16, 17).

It has been suggested that the sign of the
Seebeck coefficient, S, of molecular junctions
can indicate the sign of the charge carrier and the
relative position of Er with respect to the
HOMO or LUMO levels (8). Indeed, thermo-

power measurements that use a scanning probe
microscope have yielded nanoscale spatial
distributions of electron and hole concentrations
in inorganic semiconductors (/8) and have led to
chemical potential microscopy at the atomic
scale (19, 20). Here, we report an alternative
approach: We measured S for molecular junc-
tions formed by trapping molecules between
gold electrodes, and then we measured the volt-
age generated across them when a temperature
bias was imposed across the junction.

In general, S'is associated with bulk materials
and is obtained by measuring the voltage
difference created across a material in response
to an applied temperature differential. In such
bulk materials, charge transport is diffusive in
nature. The concept of an effective S'is also valid
for junctions where the transport may be bal-
listic. For such junctions, however, a more gen-
eral form of the Seebeck coefficient is needed
and is given as

where o(E) is the energy-dependent differential
electrical conductivity, Ef is the Fermi level (or
more accurately, the chemical potential), e is
the charge of an electron, and 7 is the absolute
temperature; the denominator in Eq. 1 is the
electrical conductivity, 6. As Eq. 1 suggests, S
reflects the asymmetry in o(£) with respect to
Er. In bulk materials, this asymmetry results
from energy-dependent carrier scattering or the
asymmetry in the density of states. For ballistic
transport, the asymmetry can be created by a
potential barrier at a junction, such as that
created between Ey of a metal and the HOMO
or LUMO level of a molecule. Here, S is not an
intrinsic property of a material, but that of the
heterojunction. Hence, we call it a junction
Seebeck coefficient, Sjunction. Because Sjunction
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measures the size of an energy barrier, it is not
expected to depend on the number of mole-
cules trapped between the electrodes and is,
therefore, an intrinsic property of the junction.
This is in contrast to the junction’s electrical
conductance, which depends on the number of
molecules.

A modified scanning tunneling microscope
(STM) setup is shown schematically in Fig. 1A:
A customized control circuit drives a Au STM
tip at a constant speed toward a Au substrate in
air under ambient conditions. The Au tip is kept
in contact with a large thermal reservoir at room
temperature, which maintains the tip temper-
ature very close to ambient (2/-23). The Au
substrate can be heated with an electric heater to
a desired temperature above ambient to create a
tip-substrate temperature difference, A7. When
the Au STM tip approaches the hot substrate, a
tip-substrate voltage bias is applied and the
current is continuously monitored. When the
conductance reaches a sufficiently high threshold
of 0.1G,, where G, = 2¢*/h is the quantum of
charge conductance [see (23) for a discussion on
the choice of 0.1G,], our previous experiments
on electrical conductance have shown that the
tip-substrate distance is sufficient to trap
molecules between the electrodes (24). Once
this threshold is reached, the voltage bias and
the current amplifier are disconnected, and the
voltage amplifier is connected instead (Fig. 1A)

A Current
Au STM Tip (Cold)

Amplifier

Au Substrate (Hot)

Voltage
Amplifier
He—(_ )+ BOT
Q- OO o

HS—Q—@—@—GH TBOT

to measure the tip-substrate thermoelectric volt-
age induced by AT The tip is then slowly with-
drawn to a sufficiently large distance (~15 nm)
and the output voltage AV is continuously moni-
tored with the tip grounded.

When the Au substrate is covered by thiol-
terminated molecules, we have shown that
molecular bridges are formed between the Au
tip and the substrate, and the electrical conduct-
ance of single molecules can be monitored in air
(24). In our experiment, we covered the Au sub-
strate with BDT, dibezenedithiol (DBDT), or
tribenzenedithiol (TBDT) (25) molecules. If mol-
ecules of BDT, DBDT, or TBDT are trapped
between the tip and substrate with a super-
imposed A7, we should expect to see a thermo-
electric voltage generated between the electrodes
(8), which should last as long as one or more
molecules are trapped and vanish once all of the
molecules break away.

A typical thermoelectric voltage curve ob-
tained in the experiment that was performed
with a AT of 20 K and with the substrate covered
with BDT molecules is shown in Fig. 1B. We
observed a constant thermoelectric voltage of
about AV = -200 puV (Fig. 1B, blue curve),
which lasted until all of the molecules trapped in
the junction broke away. Notably, the distance
the tip travels (~ 1 to 2 nm) before all of the
molecules break away is much longer than the
molecular length. Because the thiol group on

B stn AT=20K

No molecule

20K 30K

Distance

Fig. 1. Experimental setup and measurements. (A) Schematic description of the experimental set up
based on an STM break junction. Molecules of BDT, DBDT, or TBDT are trapped between the Au STM tip
kept at ambient temperature and a heated Au substrate kept at temperature AT above the ambient.
When the tip approaches the substrate, a voltage bias is applied and the current is monitored to estimate
the conductance. When the conductance reaches a threshold of 0.1G,, the voltage bias and the current
amplifier are disconnected. A voltage amplifier is then used to measure the induced thermoelectric
voltage, AV, and the tip is gradually pulled away from the substrate. (B) A plot of the thermoelectric
voltage measured as a function of the tip-sample distance when a temperature differential AT =20 K is
applied (Au tip at ambient and substrate at ambient + 20 K). The blue curve is obtained when a Au-BDT-Au
junction is broken. The red curve shows a control experiment performed on a clean gold substrate. (C)
Typical thermoelectric voltage traces for tip-substrate temperature differentials of 0, 10, 20, and 30 K

for Au-BDT-Au junctions.
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the molecule binds sufficiently strongly to Au,
and because Au atoms are sufficiently mobile
at room temperature, it has been proposed that
Au chains are formed both on the tip and the
substrate when the STM tip is pulled away (6). In
contrast to electrical conductance measurements
(24), which decrease in steps as molecules
break away one at a time, no steps were
observed in the AV] suggesting that Sjynction 1S
independent of the number of molecules. As
the AT increases from 0 to 30 K, the thermo-
electric voltage signal increases (Fig. 1C).
Control experiments performed on clean gold
surfaces without any molecules (red, Fig. 1B)
demonstrate that no measurable AV is gener-
ated in the absence of molecules.

To obtain a statistically significant value of
AV of a Au-BDT-Au junction, we performed
roughly 1000 consecutive experiments at each
value of AT. These data were used to construct
histograms for each temperature differential with-
out any data preselection. The histograms thus
obtained (Fig. 2, A to C) were used to estimate
the average and the variation in Sjyncion. The
relation between Sjyncion O the Au-molecule-Au
junction and the measured voltage is (23)

AV

AT (2)

Sjunction = Sau—

where Sy, is the Seebeck coefficient of bulk Au,
which is ~1.94 pV/K at 300 K (26). In Fig. 2D,
AVpeax is plotted as a function of A7, where
AV corresponds to the AV at the peak of the
distribution. The error bars in Fig. 2D correspond
to the full-width half-maximum (FWHM) of the
distributions. From the slope AVj,ca/AT and Eq. 2,
one obtains Saupprau = 8.7 £ 2.1 uV/K,
where the error is FWHM. Similar experiments
were also performed with DBDT and TBDT, and
statistical analysis revealed that Sxu.pepT.Au =
+12.9+2.2 }J.V/K and SAu—TBDT—Au =+142+32
uV/K (23) (Fig. 2E). There seems to be a linear
dependence of thermopower with molecular
length, which is in contrast to the exponential
dependence of electrical resistance that is gen-
erally attributed to tunneling across the mole-
cule. The histograms of AV for Au-TBDT-Au
junctions at 20 and 30 K (fig. S4, A to C) exhibit
deviations from a Gaussian curve. Furthermore,
the FWHMs for the histograms at 20 and 30 K
increased considerably compared with those of
Au-BDT-Au junctions, which may arise from
the effect of the conformational changes in the
molecules trapped in the junctions. The plot of
the peak values of the histograms versus the
temperature differential for DBDT and TBDT
(figs. S3D and S4D) show deviations from
linearity. This deviation may arise because the
applied temperature differentials of 20 and 30 K
across molecules are so high that linear transport
theory may not adequately describe the temper-
ature dependence of the thermoelectric voltage.

The relative position of the HOMO and
LUMO levels with respect to the £ of the metal
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Fig. 2. Histograms obtained by analyzing approximately 1000 consecutive thermoelectric voltage
curves obtained in measurements of Au-BDT-Au junctions with tip-substrate temperature differential (A)
AT = 10 K, (B) AT = 20 K, and (C) AT = 30 K. a.u., arbitrary units. (D) Plot of the peak values of the
thermoelectric voltage in histograms as a function of the temperature differential. The error bars
represent FWHM of the corresponding histograms. It can be seen that the measured voltage varies
linearly with the temperature differential, as expected. (E) Plot of measured junction Seebeck coefficient
as a function of molecular length for BDT, DBDT, and TBDT.

electrodes can be related to the measured value
of Sjunction (8). The Landauer formula (27) is
used to relate Sjunciion to the transmission
function, t(£). It is shown that Sj,ncion can be
obtained as

k3T Oln(x(E))
Sjunction = e T

3)

E=Er

where kg is the Boltzmann constant.

The transmission function for the case of
Au-BDT-Au junction, which was derived with
the use of the nonequilibrium Green’s function
formalism in conjunction with extended Huckel
theory (8), is shown in Fig. 3A. It is clear that
©(E) ~ 1 when the Ep aligns with either the
HOMO or the LUMO levels and decreases rapid-
ly to below 0.01 in between. Using this transmis-
sion function in Eq. 3, we calculated SauppTAu
(Fig. 3B) and found that Sa, pprau 1S positive
(p-type) if Er is closer to the HOMO level and
negative (n-type) if it is closer to the LUMO
level. Using the measured value of Say.pprau =
+8.7 £ 2.1 uV/K, we see from Fig. 3B that Er. is
~1.2 eV from the HOMO level. The value of
the transmission function at this relative position
of the Fermi level was t(£) ~ 0.01 (Fig. 3A). In
the Landauer formalism, we know that the con-

ductance Gyojecule €an be related to the transmis-
sion function at £y as

262
TT(E”E:EF = T(E)‘E:EFGO (4)

Gmolecule ~

Equation 4 implies that the conductance of
BDT should be ~ 0.01G,,. This estimated value of
the electrical conductance is in excellent agree-
ment with the measured electrical conductance of
Au-BDT-Au junction (11, 28).

Junction Seebeck coefficient measurements
can provide insight into the electronic structure
of the heterojunction, but the results also bear on
an as-yet unexplored field of thermoelectric
energy conversion based on molecules. The best
efficiency in thermoelectric energy conversion
can be achieved if charge transport occurs
through a single energy level (29, 30). Single-
level transport is, however, difficult to realize in
inorganic materials. Metal-molecule-metal het-
erojunctions are ideal in this regard because they
(i) provide transport either through the HOMO
or LUMO levels and (ii) have very low vibra-
tional heat conductance because of large mis-
match of vibrational spectra between the bulk
metal and discrete molecules (37). Hence, such a

10"
o
=
§ 10}
8
Lo .
= i
LUMO
60-
& 40 —E;
3 20- Saugor-au= 8.7 HVIK
z 0 ]
5 20 ]
@
3-40- . i
0 0] 5«-1‘23\! : ]
-80{ HoMo LUMO 1
100l — L
42 41 40 9 B
Energy, E (eV)

Fig. 3. Relating the measured Seebeck co-
efficient of Au-BDT-Au junction to the position
of Fermi level. (A) Theoretical prediction (8) of
the transmission function of a Au-BDT-Au
junction plotted as a function of the relative
position of the Fermi level of the Au electrodes
with respect to the HOMO and LUMO levels. (B)
The predicted (8) Seebeck coefficient of a Au-
BDT-Au junction as a function of the relative
position of the Fermi level with respect to the
HOMO and LUMO levels. When the measured
value of Spy_gpr-au = +8.7 = 2.1 uV/K (blue band)
is shown, it is clear that the Fermi level is ~1.2 eV
above the HOMO level. At this energy level, the
transmission function is ©(€) ~ 0.01.

hybrid material offers the promise of efficient
thermoelectric energy conversion. We show for
the first time values for molecular junction
Seebeck coefficients, but the tunability of this
effect and electrical conductance remains un-
known. The length dependence of molecular
junction Seebeck coefficients is shown in Fig. 2E
for the molecules we studied, but there may be
other ways of tuning thermopower, such as by
introducing various chemical moieties in the
molecule or by controlling the metal-molecule
chemical bond.
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Variation and Population Growth

Fanie Pelletier,® Tim Clutton-Brock,? Josephine Pemberton,?

Shripad Tuljapurkar,* Tim Coulson™*

Population dynamics and evolutionary change are linked by the fundamental biological processes
of birth and death. This means that population growth may correlate with the strength of selection,
whereas evolutionary change can leave an ecological signature. We decompose population growth
in an age-structured population into contributions from variation in a quantitative trait. We report
that the distribution of body sizes within a population of Soay sheep can markedly influence
population dynamics, accounting for up to one-fifth of observed population growth. Our results
suggest that there is substantial opportunity for evolutionary dynamics to leave an ecological

signature and visa versa.

cological and evolutionary processes
have traditionally been considered to
operate at such different time scales that
ecologists could ignore evolutionary dynamics,
while evolutionary biologists could overlook
ecological processes (/). Recently, however,
there has been growing interest in the effects
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that ecological and evolutionary processes have
on each other (2—4). For example, genetic var-
iation at one allozyme locus influences popu-
lation dynamics in a butterfly metapopulation
(5), and evolutionary change in body and beak
size has contributed more than ecological
processes to population growth in a Darwin’s
finch (4). In parallel, evolutionary biologists
have shown that selection can fluctuate with
ecological processes and that this can generate
evolutionary change. In the same population of
Darwin’s finch that was the focus of (4), varying
ecological conditions in different decades im-
pacted on the strength, direction, and outcome of
selection (6). Given that ecological and evolu-
tionary processes are intertwined, it is necessary
to develop methods to capture their relation. A
first step in doing this is to characterize the

association between the phenotypic variation on
which selection operates and population growth
(7). Here we ask how quantitative trait variation
impacts population growth in a population of
Soay sheep (8) and how selection varies with
population growth.

The population of Soay sheep on Hirta, St.
Kilda, has been studied in detail since 1985 (8).
The structure and size of the population is known
for each year (fig. S1). Birth weight (kg) is
collected each spring, and adult body weight (kg)
and hind leg length (mm)—a measure of skeletal
size—are collected annually from individuals
caught in the summer catch (on average ~50% of
the population) (9). The sheep year runs from
1 August to 31 July, and recruitment is calculated
as the number of lambs an individual produced in
April that are still alive in August. Paternity is
assigned using genetic markers to ~60% of lambs
with >80% confidence (10). Significant age- or
environment-specific additive genetic variance
exists for birth weight, August body weight, and
hind leg length (8, 71, 12). We estimate herita-
bilities, #° (13), using these values and the
phenotypic variance estimated from our data set
[supporting online material (SOM)].

To link variation in a quantitative trait to
population growth requires an understanding of
how variation in the trait influences survival and
recruitment and how survival and recruitment
influence population growth (/4). One way of
doing this is to calculate the proportion of var-
iation in individual contributions to population
growth, p,(;, accounted for by a quantitative trait.
Py 18 calculated as the difference between ob-
served population growth and population growth
calculated with the contribution of a focal in-
dividual removed (/5). This quantity describes
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